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I - EFFECTS OF ADDITION OF FINS TO BLADE TIPS
AND ROTOR, wsmﬁ OF COOLING ATR THROUGH PART OF
. NOZZLES_, AND CHANGE IN THERMAL CONDUCTIVITY
OF TURBINE COMPONENTS
By W. Byron Brown

SUMMARY

An analysrs wag developed for. calculating the radial tem}era-.
ture digtribution in a gas turbine with only the temperatures of
the gas and the cooling air and the surface heat-transfer coeffi--
cients known. This analysls was applied to determine the tempera-
tures of g complete whesl of a conventional single-stage impulse
exhaust-gas Eurbine The temperatures were firat calculated for
the case of the turbine operating at design conditlons of speed,
gas flow, eta. and with only the customary cooling arising from
exnosure of the outer blade flange and one face of the rotor to
the air. Calculations were next made for the case of fins applied
to the outer blade flange and the rotor. Finally the effects of
using part of the nozzles (from O-tc_éo_ﬁercent) for eupplying
cooling air and the effects of varying the metal thermsl conduc-
tivity from 12 to 260 Btu per hour per foot. per OF on the wheel
temperatures were determined. The gas temperatures at the. nozzle
box used in the calculatione ranged from 16009 F to 2000° F.

The resulte showed that if more than a few hundred degrees .
of cooling of turbine blades are required other means than indirect
cooling with fins on the rotor and outer blads flange would be nec-
essary. The amount of cooling indicated for the type of finning
used could produce some improvement in efficiency and a large
increase in durability of the wheel. Ths results alsc showed
that if a large difference 1g to exlst between the effective
temperature of the exhaust gas and that of the blade material,
ag must be the case with present turbine materials and the high
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exhaust-gas temperatures desired (20000 F and above), two alternatives
are suggested: {(a) If metal with a theimal conductivity comparable
with copper is used, then the blade températures carn be reduced by
strong cooling at both the blade tip and root. The center of the
blade will be less than 200° F hotter than the ends; (b) With low
conductivity materials some method of direct cooling other than
partial admisgion of cocling air is essential. From this study,

it can be deduced that indirect cooling of turbine blades will not
wmake posseible large increases in effectlve gaes temperature

INTRODUCTION -

The power and the eIfflciency of compressor-turbine unilts are
limited by the allowable gas temperature, which in turn i1e restricted
by the strength and the durebility of the first-stage rotor blades
where the combination of high temperatures and high stresases produces
the severest strains. With present blade materials, soms method of
blade cooling is required to permit further incroasea in gas tempera-~
tures. . -

Blades may be cooled (a) indirsctly, by reducing the tempera-
ture at the blade root (wheel rim) or at the blade tip (either method
causes the blade 1tself to be cooled by conduction}); or (b) directly,
by forcing air or liguid past the blade surfaces or through passages
within the blade (reference 1).

In the analysis of the cooling of gas turbines, the effscts of
various cooling systems, types of blade, thermal conductivities,
heat-transfer coefficients, and coolants on the over-all performance
of compressor-turbine units and the increase in allowable gas tem-
perature will be considered. :

In the present report, an analysis for calculating the approxi-
mete radial temperature distribution in the cowponents of a gas-
turbine wheel 1s presented in which only the cooling-ailr and gas
temperatures and the surface heat-transfer cosfficients have to be
known for application. The aenalysis is applied to determine the
whoel temperatures for the cases of customary cooling of the outer
blade flange and one face of the rotor by air and for addition of
circumferential fins to the outer blade flange and the rotor. The
offects of using part of the nozzles for edmitting cooling air
(usually called partial admission) and variation of thermsl conduc-
tivity of the metal used in the wheel on the temperatures are alsc
determined by use of the enalysis. The calculations were made for
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-

gas temperatures at the nozzle box of 1600° F, 1800° F, and 2000° F,
thermal conductivities from 12 to.260 Btu per hour per foot per ©F,
ard partiel admission of cooling air using O percemnt, 13 percent,

26 percent, and 40 percent of the nozzles. Both fins and partisl
admission of cooling alr were used simultsneocusly. The conductivity
effect was determined first by changing only the blade metal and
second by changing the metal of the whole wheel.

a3

4o

ds

fnQ
Sar

-

> td

SYMBOLS
average cross-sectional area of blade, (sq ft)
average cross-sectlonal area of rctor, (sa ft)

integration constants .

effective mean temperature of cooling alr and exhaust
gas, (°F)

Bessel functions
thermal conductivity of metal, (Btu)/(hr)(sq £t)(OF/ft)
average blade length (excluding flangs), (ft)

regtio of number of nozzles used for cooling air to number
ugsed for exhaust gas

number of blades
blade perimeter, (ft)

heat-transfer coefficlent from exhaust gas to blade,
(Btu)/(hr)(sq £t)(°F)

heat-transfer coefficient from blade flange to cooling
air, (Btu)/(hr)(sq £t)(°F)

apparent heat-transfer coefficlent from hot alr to blade

2A - ty,
———qj, (Btu)/(br)(aq £%)(°F)

flange, 2N
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heat-transfer coefficient from rotor surface to cooling
air, (Btu)/(hr)({eq f£t)(°F)

modified gq, for partial admission of cqoling air,
(Btu)/(hr) (sq £t)(°F)

radial distance from rotation sxis, (ft)

time heat comes in from exhaust gases (partial admission),
(hr) '

time heat goes out to cool air, (hr)

average blade thickness (24y/p), (ft)

average rotor-rim thickness, (ft)

temperature, (°F)

temperature of cooling air, (°OF)

effective temperature of exhaust gases (temperature that
%ggﬁrmines heat flow from ges to blade)(ref. 2, p. 3),

temperature at wheel rim, (°OF)

distance from bdlade tip to general blade point, (ft)

distance from flange tip to gemeral flange point, {(ft)

temperature difference between cdoling alr or exhaust gas
and metal, (°F)

flange length, (ft)
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ANATLYSTS OF TEMPERATURE DISTRIBUTION
Blade Temperatures

The assumed blade shape is shown in figure 1(a). The area and
the perimeter are assumed uniform and the thickness 1s assumed small
in comparison with the other dimensions. At each blade tip 18 a
flange, the outside of which 1s exposed to cooling air. The flange
extends to the nsxt blade to form a2 neasrly continuous rim around the
outer end of the blades. The thickness of the flange is the same as
that of the blade. The assumptions used in the calculations for
this blade are as follows:

(1) The flange temperatures are apnroximated by the arrangement
shown In figure 1.

) (2) The temperature changee in other than the radial direction
are neglected.

(3) The variations in area, perimeter, thermal conductivity,
and heat-transfer coefficlent are negliglble for any given section;
that is, constant mean values can be used.

(4) The effect of radiation is negligible.

(5) At the Junctions of the various sections, temperature and
heat flow are continuous but tempereture gradients are not continuous
at aresa discontinuities,

The flange can be conslidered as a plate of constant area and
equations baged on that assumption will give the same tempsrature
distribution in the blade proper as will the use of assumption {(1).

From considsrations of symmetry; it is clear that midway between
the two blades, that is, at sach end of the flange, dT/dy =0
because there can be no heat flow acroes these sectlons.

An almost equivalent arrangement, as far as temperature distri-
bution is concerned, 1s shown in figure 1(b), where the flange ends
are folded back along the x-axls instead of along the y-axis. Thus,
the heating and the coollng surfaces sre the same ag for the
arrangement shown in figure 1l(a) but the equations for the flange
and the blade proper can be fitted together more easily.
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For the two elements of flange dx. (fig. 1(b)) (blade width is .
assumed large compared with +, s that it hea the value p/z),

Heat entering left sides by conduction = -k 2ty ﬁ%%

Heat'éntering'fromﬁhot gas = q;' 2dx (Tg - T) %
where qi‘ 1= ay modified: for bladé thickness..
Heat leaving right side by conduction =(:—# 2tb%§ —k 2ty %3%-d%> g
Heat leaving to cooling air = g 2dx (T - Ta) § '

When the heat entering the element 1is .equated to the heat leaving the
element,’ : C e o o _ -
ar ' aT aTe
~k 2ty =— + 2dx (T, -T) = =k 2t,, = -~k 2%y, —— dx + 2dx (T - T -
BRI (Tg ) bax b axe . o ( a)

2 i
aeT % * Q' % Tg + 93 Tg.

T =
ax? ety Kty
2
g‘...z — [J.ZT... -0-72 .....
axe
where )
QQ + ‘lj_r
M= afl—
Kby,

4o Tg + 24 Tg

Y =
Kty
A convenient solution is -
T =PF + Gcosh u (x + A) (1)
vhere
7 Ao Tg + 43" Tg

T
9y + 94
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and the assumed boundary condltion on the left end is
aT/dx:= ©

when

For the blade proper, from x = 0 to x = 1, +the heat. equation is -

where

or

2
a8 .26 =0

where

2 _ 241
LA =

A suitable solution of the foregoing equation 1is

T, ~T=20C[coshv (x - B)] . (2)

g

Rim and Rotor Temperatures

The rim and the rotor of the turblne wheel are solld disks,
The difference in shape (fig. 1{c)) lies in the fact that the rim
has a uniform thickness in the axial direction, wherecas the rotor is
usually of constant strength with variable thickness. -In many cases
this variation 1s of such a nature that the areas normel to & radius
from the rim to a point where the constant-strength contour 1s
abandoned 1s approximately constant; that is, as the radius incrsases,
the thickness decreases in approximately the same proportion.
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An element of the rim to bs considered is 2xr t,. dr.

. ) Fap 4 /AT
Heat entering the outer surface of element==k2ﬂtr(r+drﬂ-a;4-3; -—) dr
Heat leaving from one side surface element = (2rr dr) q,' (T-Ty)

Heat leaving inner surface of element = kZ2xt,.r %‘3-'

If 6 is substituted for T - T, -and the heat leaving the
element is equated to that sntering, the resulting equation becomes

% 14d8 g .

— i e acep———

- +
ar®  rdr kb,

The solution of this equation is given in reference 3 (equations (85S)
and (53)) as

N

T - T =D 1 2o .w- i Lo (3)
- ig = JO I‘f\ -EE-; +_.:iH0 r k.'tr o}

In the varisble thickness seéction, the flow area A, (=2xr t).
1s constant resulting in the following heat balance:

Heat entering outer surface of an element A, dr s

/a6 a2 >

kA Iw + T 5 dr
r\dr drz
Heat loaving one side = 2xr dr q ' 6

0
Heat leaving inner surface = k A, %;

When the heat entering the element is equated to that leaving
end the equation is simplified

932=a2r9
are
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where
2x !
a2 o % %
k Ay
A solution is
1/2 1/3 2
=T1-Ta=1‘/Ai/J_l/S(Z/sd.irS/)
Prd~* \

- f~ - e / _ Prany iy
= /% A 1M g 2/3 ir°/é pf—— (4)
-1/3& ’V k A, )

after application of the boundary conditiocn

et _ o

ar
when

r =0

These Bessel functions sre tebulsted in reference 4.

Validity of Assumptlons

Equations (1), (2), (3), and (4) give the complete temperature
distribution throughout the turbine in a radial direction in terms
of the exhaust-gas and the cooling-air temperatures, the surface
heat-transfer coefficients, thermal conductivity, and the turbine
dimensions subJect to the assumptions made.

The examples for which calculations were made show small temper-
aeture changes through the thickneas of the blade because the blades
are thin, Betwsen the leadlng and the trailing edge of a turbine
blade, a large temperature difference exists, In some casea 50° or

60° ¥, which 1s probably due to hot gss temperatures at the leading
edge and perhaps large values of ¢4 caused by direct impact. The
equations given are for temperature changes down the blade center,
which result in mean values.

The veriations in area, perimeter, conductivity, and heat trans-
fer are not large in most cases. TFour different values ere permis-
sible, one In each region; therefore, values ars avereged over only
& smell region and not over the entire turbine. Finsr subdivisions
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can be uged 1f necessary. If a large taper exlsts on a blade, equa-
tion (2) can be modified to agree with the law of taper. For the
rotor, ¢o would be expéecied to vary with the velocity of the air
relative to the rotor. When ¢g varles with r in & regular way,
equation (4) can be modified.

The effect of radlation 18 to modify the valucs of T, Tg, Hs
and v 1in equatioms (1) and (2). With assumed values for a conven-
tional type of blade, the effect on F and Tg wves negligible. The
effect on p and PV 'is larger, of the order of 10 percent 1n cne
cage, but allowancs can be made for this effect by increasing the
value of .94y by & constant amount for each temperature; thorefore
the form of the equation wlll not be affected. An estimated amount
could be added to the value of g4 to corract for the radlation.

The arse changes are not actually discontinuocus but the flllets,
a8 a rile, do not have large radll. Accordingly, it is simmler to
use assumption (5) because the errors caused by this procedure will
raplidly disappsar as the dlstance from the Junction point increases.

Effect of Increassd Cooling dn the Temperaturs Distribution

In the case of alr-cooled englnes, the over-all heat transfer
is increased by attaching fins to the outslde surface of the cyl-
inders. Thus, by the additlon of fins the over-all value of gq,
can te increased to several times Zte value without fins. The same
method can be umed for turbine parts whére there is room for the
fina either on the rotor or on the blade rim. The blade proper can-
not be cooled by fins but only by partial admisslon of cool alr or
by circulating cool flulds through hollow openings inside the blades.
For cooling by partial admission of alr, squation (2) is modified
as follows: In the steoady-flow stats, the heat entering an element
of blade length d4x In time 75 18 qi p (Tg - T) T4 dx. Tho heat

lost in tims T, is g, p (T -~ T,) T, dx., The total ges flow is

unchanged; therefore the gas velocity and hence qo will be larger
than befora. -

The difference hetween these two veluas is tke net heat guined,
which is equal to the difference botwesn the heat cntering one cnd
of element dx and that leaving the other end in time T, + Ty,

Pay Ty (Tg ~T) =P q To (T - Tg) = -k Ay (73 + T5) =
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or
2 .
T LT = -0 M2
dx2
where A CELL
p U T1+3L T
k Ay Ty + T,

kAb__ l+n_.

and

44 Tg +.n G Tq
g, + 10 g,

@

’ ‘— TS + 1 Ta (E_[O/q,i) . . R
1+n (T fq,)

A solutlon-of this equation is
®-T=0¢Ccosh M (x - B) (5)

When egunation {5) 1s substituted for equation (2}, the tempera-
ture. distribution can be calculated. When n = 0, equation (5)
becomeas identical with equation (2). . i

APPLICATION OF ANALYSIS

The foregoing analysis is used to determineg the effect on blade
temperatures of varying amounts of cooling applied. to the flangse on
the blads rim, with a fixed temperature at the blade root, The
following section presents the temperature distribution through the
turbine as calculated for a small amount of -cooling -without fims, -
for four tilmes as much cooling obtained with fine (Ilimited to four
to avold bending stresses in the fins exceeding SO,QOO_lb/sq in.),
and for partial admission of cool air both with and without fina, -
The dlmensions of & conventional single-stage lmpulse exhaust turbine
are used In these calculations. The turbine Is assumed to be
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operating at an altitude of 25,000 feet, where T, = -31C F and the

ratlo of sea-lsvel prossure to altituds pressure 15 2.7. Wheel sypeed b
is assumed to be 21,300 rpm. '

1

it

2A -t

Effect of Flange Cqoling and ‘Thermal Conductivity

on Blade Temneratures

The following'data are assumed for cooling without fins:

1.2 inches = 0.1 foot S : .
14.5 (Btu)/(sq £t)(hr)(°F/ft)(Vitallium)

0.0657 inch = 0,00548 foot

44.2 (Btu)/(hr)(sq £t)(°F) (This value was obtained from refer- .

ence 5 using a gas flow of 2.12 1b/sec.)

S Q4 = 33.9 (gfﬁ)/(hp)(sq_ft)(?F) | | )

900° F ' S : : — I

1623° F (found from the nozzle-box temperature of 2000° F by
uging the expansion ratic 2.7 and the gas velocity relative
to the rotating blades)

44.2 (Btu)/(hr)(eq £t)(°F)} (Thié value was obtained from

Reynolids analogy, using appropriate flet plate values of
the friction coefficient.)

0.135 inch = 0.1125 foot

(2) (4¢.2) 33.4 (w1 = 3. 34)
(14.5)(0.00548)

4.5 + 33.9 o .
= 31,08 A= 0.3493)
(14.5)(0.00548) (s SR : | o

(-44.,2)(31.0) + (33.9)(1623)
44,2 + 33.9

= 687°° F
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Equations (1) and (2) can be solved for the three ‘constants G,
B, and G from the boundary condit ions when x =1, T =T, o3 ‘and
when x = 0, T {from equation (1)) = T (from equation (2)) and the
heat flowing out of the flange is equal to the heat flowing into the
blade, that is,

2 ty, <%>1 =ty de\
or : ' '
2 Gu sinh pA = CV sinhv3B : - (8)
The f_rst t‘W‘O cOnditions glve . _ B
Tg-Tp=C [coshv (1 - B)] o : (7)
‘and. ’ _ | ‘
F + G cosh uh:Tg-CéosﬁB | (é)

The elimination of C &nd G by the use of equa.tions (6) and
(7) gives

(2)

- Tg - Ty :”:v sinh vB ]_ T (EE'8 ‘-.-Tx:} cosh VB
Lcosh v (1 -B)JLau tankh paj 8 cosh v (1 - B)
which 1s solved for B

T - F

—‘g——coshvz-l
Tg-T
tanh VB = —— -
T, - F o
L4 + & ~ " ginh v1

2w tanh kA Tg - Ty

When the assumed veluea are substituted

B = 0.402 1 or 0.0402 foot . 71" "
C = 192.6° F
G = 5169 F
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When these values are subatituted iﬁfequations (1) and (2), the
curve for the blade temperatures obtained without fins cen be found.
It is plotted. 1n.figure 2 as & 80lid curve. The other three solid
curves were found by setting
Qo = O (without flange cooling)

Qy = 4 X 44.2 (fins on flange and free-air cooling)

45

Other asmounts of coolihg would glve rise to intermediate curves.

o (infinite cooling; limiting case for flange cooling)

A similar set of curves (dashed lines in fig. 2) was computed
with twice.the value for the heat-transfer coefficlent, ithat is,
with q; = 88.4 and qi' = 67.8, A vemperabture-distribution curve
was computed for copper, a high—conductivity (k = 260) metal, using
a high heat-transfer coefficlent . (q = 88:4). Other conditions were
the same (fins on the flange). The curve ia also sliown in figure 2.

Tempsrature . Distribution through the Turbine
The agesumed conditions for the.turbine wheel are ag follows:

number of nozzles = 38

A, = 14.96 square -inches = 0.1039 square foot

k = 12.1 (Btu)/(hr)(sq £t)(0F/ft) (owing to lowsr temperature of
rotor)

a0’ = 36.7 (Btu)/(hr)(sq £t)(°F) (This value 1s less than g, because
the velocity of this part of the wheel is less than that of
‘the blade- tips.)

tr = 0.69 inch = 0.0975 foot

area of outer rotor section
area of blade = 3 330

ares of equal-strength gectlon of rotor . 0.822
ares of inner rotor sectlon :
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The radial distance at the point where the constant-arsa smec-
tlion Joine the constant-thickness section is 4.2 inches or
0.3500 foot. The point where the blades léave the constant-thickness
rim is 0.3983 foot. The value of x is 0.4983 - rr. At the three
Junction points, r = 0.3500, r = 0.3983, r = 0.4983 foot, the
temperatures and the heat flows must be continuous; therefore, six
equations are obtained to determine the six integration constants
B, ¢, D, X, G, and A.

The results -of these calculations are shown in figures 3 to 5.
The curves for cooling without - fing were computed using the values
Qo = 44.2, qo' = 36.7, and qi = 44.2. The curves for cooling
with fins were computed using the values g, = 4 X 44.2,
9o’ =4 X 36.7, and 'q4 =:44.2. The three oxhaust-gas temperatures
used were 2000° F, -1800° F, and 1600° ¥, which correspond to
effective exhaust-gas temperatures Tg of 1623° F, 1452° F, and
1281° F, respectively. By substitution of equation (5) for. equa-
tion (2), the effect of partial sdmission of cooling air can be
found. This effect is shown in figures 4 and 5. - -

Three additional caleulatione were made using a value of
d4 = 2 X 44.2; these curves are plotted in Pigure 6 and show the
temnerature distribution through the turbine for various values of
k in the rotor and the blades. . The curve with the highest peak
uses k = 12 1In the rotor and k = 14.5 in the blade; the next
has k = 12 in the rotor end ¥k = 260 in the blade; the curve
with the lowest peak uses k = 260 throughout the turbine. These
lagt calculations were made to find what could be expected from
copper in an unfavorable case.

DISCUSSION OF CURVES

Figure 2 shows that, when mo coolling is used on the flange,
the blads tip is the hottest spot, and the temperature of this hot
spot is quite near the effective exhaust-gas temprerature. Whenever
cooling is apnlied to the flange, the hpttest spot is a point not
far from the blade center, the exact loéation of which depends on
the amount of flange cooling used. The more flange cooling that is
applied, the nearer the hot spot moves toward the blade root. When
infinite cooling is applied, the hot spot is about three-eighths of .
the blade length from the root. The high hedt-transfer coefficient
raises the hot-sjot temperature considerably; with infinite cooling
from 1210° F to 1410° F. When copper (k = 2€0) is substituted.
for Vitallium (k = 14.5), the temmerature through the blade becomes
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much more nearly uniform and the hot spot is hardly noticeable, being
only slightly hotter than the outer half of the blads. The hot-spot
temperature ie about 1070° F as compared with 1480° F for Vitallium
(q1 = 88.4 and fing on flange).

The curves of temperature distribution throughout the entire
turbine (figs. 3, 5, and B8) show that the fins on the wheel cool it
very markedly, close to the cooling-air temmerature near the center.
The wheel rim (blade root) can alsoc be kept fairly cool — 800° F
with fins for the hottest exhaust-gas temperature (20000 F) (fig. S5)
as compared with 990° F without fins (fig. 4). The hot spot is cooler
in the first case (1310° F) than in the second (1450° F). If cooling
1s expressed as a percentage of the. temperature difference between
the hot gas and the cooling air, these values becomeé 8-percent cooling
for the hot spot and ll-percent cooling for the blade root.

When coollng by partlal admission using 40 percent of the nozzles
and a gas temperature ‘of 2000° F, the rim may be cooled from 990° F =
to 7600 F and the hot spot from 1450° F to 1080° ¥ (fig. 4). If both
fins and partial admission are used, the wheel rim (blade root) is :
cooled from 990° ¥ to.nsarly 600° F and the hot spot from 1450° F to :
nearly 1000° F. Thus fins on the rotor cool the blade root satis-
factorily but are not so effective on the hot spot. On the other
haend, partial admigsion of. cooling alr tends to cool the hot spot
better than the finning but is not so effective on the blade root.

If more than a few hundred degrees Fahrenheit of cooling are
regquired, other means than finning would probably be necessaxy. The
amounts indicated here could produce sowe improvement in efficiency
and & large increase in durability of the wheel.

SUMMARY OF RESULTS

The following results were derived from calculations based on
an analysis of the cooling of an exhaust-gas turbine by addition of
fins, partial admission of cooling air, and change in thermal con-
ductivity of turbine comyponents:
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1. -The dooling due to the addition of circumferentisl fins ia:-

L3

Exhaust- | Cooling Cooling
- gas tem- | at the - at the
perature | hottest. blade
(oF) point . -root.-
(°F) |per- | (°F)|per-
Jcent® cent®
1600 | 1C0| 8 150[ 1%
~ 1800 1201 8 1801 11
2000 | 140| 8 180} 11
temperature decrease

17

8Percent cooling =

effective gas temperature - air temperature

2. The cooling due to partial.admission of cooling air for an
exhaust -~gas. temperature of 2000° F is:

Nozzles used | Gooling Cooling
for cooling at the at the
{ percent} hottest blade
_point root .
OF) |per- | (°F) | per-
cent cent
13 110 7 50t 3
26 230 | 14 140 8
40 370 | 22 220 | 13

3. When both cooling fins and partial admission of cooling ailr

are used at the same time, the resultant cooling 1s slightly less
than the sum of the separate amounts, that is, 210-o F and 350° F
for the first two cases compared with 250° F and 370° F.

l. If more than a few hundred degress of cocling of turbine
blades are required, other means than lndirect cooling with fins
on the rotor and outer blade flange would be neceseary.

CONCLUSIONS



18 . - : S -NACA RM No. E7Blla

2. The amount of cooling indicated for the type of fimning used
could produce some improvement in efficiency and a large increase in
durability of the wheel, : '

3. If a large difference is to exist between the effective
temperature of the exhaust gas and that of the blade material, as
must be the cape with present turbine materials and the high exhaust-
gas temperatures desired (2000° ¥ and above), two alternatives are - -
suggested

(a) If metal with a thermal conductlyity comparable with copper
is used, then the blade temceratures can be reduced by strong cooling
at both the blade tip and root. The center of the blade will be leas
than 200° F hotter than the ends.

(b) With low conductivity materials some method of direct cooling
other than partial admission of cooling air is essential.

4. From the present study, it can be deduced that indirect cooling
of turbine bladea will not make possible large increases in effective
gas temperature. _ T

Alrcraft Engine Research Laboratary,
National Advisory Committee for Aeronautics,
Cleveland, Onio.
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